Serine hydroxymethyltransferase (SHMT) occupies a central position in one-carbon (C1) metabolism, catalyzing the reaction of serine and tetrahydrofolate to yield glycine and 5,10-methylenetetrahydrofolate. Methylenetetrahydrofolate serves as a donor of C1 units for the synthesis of numerous compounds, including purines, thymidylate, lipids, and methionine. We provide evidence that the formate (for) locus (31, 32, 41, 42) .
Reactions involving one-carbon (C1) units are essential for the synthesis of numerous compounds, including purines, thymidylate, lipids, and methionine. In the majority of these syntheses, the C1 units are donated from C1-substituted tetrahydrofolate derivatives. The principal enzyme involved in the generation of C1-substituted tetrahydrofolates is serine hydroxymethyltransferase (SHMT; EC 2.1.2.1), which catalyzes the reaction of serine and tetrahydrofolate to yield glycine and 5,10-methylenetetrahydrofolate. Methylenetetrahydrofolate can then be converted to methyl-, methenyland formyltetrahydrofolate, which serve as the primary sources of C1 groups for biosynthetic reactions in biological systems (11, 12) . SHMT is central to one-carbon (C1) metabolism in both prokaryotes and eukaryotes. In the absence of SHMT activity, C1-substituted tetrahydrofolates can be synthesized by the conversion of formate and tetrahydrofolate to formyltetrahydrofolate, which is then converted to methylene-, methyl-, and methenyl-substituted tetrahydrofolates. Abnormalities in C1 metabolism and specifically in SHMT activity have been detected in human colon carcinoma (46) and in schizophrenic and psychotic patients (54, 55) .
Genes (glyA) encoding prokaryotic forms of SHMT have been isolated from Escherichia coli (47) , Salmonella typhimurium (50) , and Bradyrhizobium japonicum (42) . Complete nucleotide sequences have been determined for the E. coli and B. japonicum genes, allowing the deduction of the amino acid sequences (41, 42) . Although genes encoding SHMT have not yet been isolated from eukaryotic sources, both cytosolic and mitochondrial isozymes of SHMT have been purified from rabbit liver, and the complete amino acid [23] ). Transformation of N. crassa. Preparation of for spheroplasts for transformation with cosmid DNA was done as described by Vollmer and Yanofsky (52) . For transformation with individual DNA restriction fragments or with plasmid subclones, DNA prepared by the boiling method (25) was further purified by electrophoresis through low-meltingpoint agarose (SeaPlaque; FMC, Rockland, Maine) and transformed as described by Liu and Dunlap (29) . Individual DNA restriction fragments were cotransformed with pSV50, which encodes benomyl resistance (52) . Primary benomylresistant (Bmr) transformants offor strains were identified in regeneration agar on FIGS minimal medium plates (52) containing benomyl (500 ,ug/liter) and supplemented with sodium formate (10 mM). Individual Bmr transformants were maintained on Horowitz complete medium containing benomyl (500 ,ug/liter) and supplemented with sodium formate (10 mM) and were screened for formate-independent growth in liquid cultures of Vogel's minimal medium with or without sodium formate (10 mM).
Nucleic acid manipulations. RNA purification and Northern (RNA) blot analyses were done as previously described (30) . RNA (22) , and DNA sequence was determined by the chain termination method (44) , using Sequenase (U.S. Biochemicals, Cleveland, Ohio) according to the manufacturer's instructions. 3' and 5' ends of for' mRNAs were determined by S1 protection (5), using the modifications described by Ausubel et al. (2) . Briefly, a DNA primer (5'-GCCTTGTGAGTCTCGGA-3', complementary to nucleotides [nt] 602 to 587 according to the numbering scheme of Fig. 2 ) was allowed to anneal to a single-stranded DNA template and elongated with the Klenow fragment of DNA polymerase I in the presence of radiolabeled dCTP to generate a single-stranded, radiolabeled probe complementary to the for mRNA. The elongation products were digested to completion with EcoRI (which cuts at nt 368) and resolved on a denaturing 50% urea-4% polyacrylamide gel. The 234-nt fragment extending from nt 602 to 368 was eluted from the gel and annealed with 25 ,ug of poly(A)+ RNA from N. crassa, digested with S1 nuclease, and analyzed on an 8% denaturing acrylamide gel. 5 ' end analysis was confirmed by primer extension (34), using the modifications described by Ausubel et al. (2) , and by direct sequencing offor' RNA (19) . The GCG programs were used for computer analysis of nucleic acid sequences (17) .
Nucleotide sequence accession number. The nucleotide sequence of the N. crassafor' gene has been registered with GenBank under accession number M81918.
RESULTS
Localization of the for' gene. The loss of SHMT activity resulting from the for mutation blocks the major pathway of biosynthesis of C1-substituted tetrahydrofolates and thus disrupts C1 metabolism. The resulting growth limitation can be alleviated by supplying formate (20) , because the reaction of formate and tetrahydrofolate yields formyltetrahydrofolate, which is then converted to other C1-substituted tetrahydrofolate derivatives (12) . We had previously shown that DNA sequences capable of complementing (restoring to formate independence) thefor strain were carried on cosmid 31:5E from the Vollmer-Yanofsky library (33) . By transformation with BglII-digested cosmid 31:5E, we determined that sequences sufficient to restore formate-independent growth to a for strain lay on a single BglII restriction fragment (33) . Systematic transformation offor spheroplasts with each of the BglII fragments of cosmid 31:5E indicated that the for' locus was entirely contained on a 2.8-kb BglII fragment (Fig. la) . The BglII restriction fragment capable of complementing thefor strain (Fig. lb) was subcloned in both orientations into the Bluescript vector SK-as clones pSADl-2 and pSAD4. The physical map of the oli-frq-for region (33) allowed the orientation of the restriction map of cosmid 31:5E, with the centromere to the left and the telomere to the right, as drawn in Fig. 1 . The minimal sequences necessary for function of the for' locus were determined by cotransformation of the for strain with subclones of pSAD1-2 together with the plasmid pSV50, which confers benomyl resistance (52) . Bmr transformants were selected and scored for formate-independent growth (Fig.  lc) . With intact pSADl-2 (nt 1 to 2856) and pSV50, all of the Bmr transformants were complemented (restored to formate independence). Transformation with pSV50 alone failed to restore formate-independent growth to the Bmr transformants (data not shown). Deletions of up to 438 nt from the 5' end of pSADl-2 had no effect on the frequency of complementation. However, further deletions to nt 518 and 578 resulted in reduced frequency of complementation. Deletion from the 3' end of pSADl-2 to nt 2230 had no cytosol, and mitochondria are 65, 66, 74, and 73%, respectively. Using the rdf2 program (28, 39), we calculated z values (ktup = 1,500 shuffles) of 81, 81, 161, and 141 for comparisons of the N. crassa SHMT with SHMTs of E. coli, B. japonicum, rabbit cytosol, and rabbit mitochondria, respectively. A z value of >10 is consistent with common evolutionary origin (28) . Thus, we conclude that the for locus encodes the N. crassa structural gene for SHMT.
Regulation offor gene expression. The effects of supplementation of the growth medium with methionine, serine, glycine, or sodium formate on for expression in a wild-type (for') strain are shown in Fig. 6a and 7 . Supplementation with methionine or serine produced little effect on for' mRNA abundance. However, supplementation with glycine (at 10 mM but not at 1 mM) resulted in a -2.8-fold increase infor' mRNA abundance. Similarly, supplementation with formate (at both 1 and 10 mM) resulted in increased (-2-fold) abundance of for' mRNA.
The increased level of for' mRNA observed in response to amino acid imbalance induced by supplementation with glycine suggested regulation by the cross-pathway control system (4) . Similarly, the increase in for' mRNA in response to formate supplementation might result in amino acid imbalance and thus induce the cross-pathway control system. To determine whether the increasedfor' expression in response to glycine or formate supplementation ( Fig. 6a  and 7) represented regulation by the cross-pathway control system, we examined whether that induction was dependent on the presence of a functional cpc-J gene, which is required for cross-pathway control (3). In Fig. 8a effect of histidine starvation induced by addition of 3-AT and found that it resulted in a four-to fivefold increase in for' mRNA ( Fig. 6b and 9 ). This increase was not seen in a strain resistant to 3-AT because of mutation at the acr-2 locus (27).
Furthermore,for' mRNA did not accumulate in response to 3-AT addition in a strain lacking a functional cpc-J gene ( Fig.  6b and 9 ) and hence lacking cross-pathway control (3) . As a control, we also show that in our experiments, the expression of arg-2, which is known to be regulated by cpc-1 (36) , is induced by 3-AT addition in a cpc-1-dependent fashion (Fig. 9b) . As a second control, we also show that the expression of cpc-1 itself is induced by 3-AT addition in a cpc-l-independent manner (Fig. 9b) , as was previously demonstrated (37) . Consistent with this finding is our observation that glycine supplementation induces cpc-1 expression in a cpc-1-independent fashion (Fig. 8b) . Interestingly, formate supplementation also results in increased cpc-J mRNA accumulation, but this induction is abolished in a cpc-1 strain (Fig. 8b) .
In thefor mutant strain, grown in Vogel's minimal medium supplemented with 10 mM formate, for mRNA of apparently unaltered size relative to the wild type (for') was present in somewhat higher (-1.5-fold) abundance than in afor+ strain grown in the same medium. The for strain is an auxotroph and requires supplementation with formate for growth in minimal medium. We therefore investigated the effects of glycine, serine, or methionine supplementation on for expression in a for strain grown in minimal medium plus formate or in a rich (Horowitz complete) medium. In the wild type, for' expression in rich medium is 0.8-fold that in minimal medium without supplementation (data not shown). There was no difference in cpc-l+ expression in wild-type Comparison of deduced amino acid sequence of N. crassa SHMT encoded by for' with amino acid sequences determined for rabbit cytosolic and mitochondrial SHMT isozymes (31, 32) and with SHMT amino acid sequences deduced from nucleotide sequences for glyA genes from E. coli (41) and B. japonicum (42) . Boxes indicate residues identical in at least three of the five sequences. Numbering refers to the N. crassa SHMT deduced amino acid sequence.
cultures grown in rich or in unsupplemented minimal medium (data not shown). In thefor mutant, for expression was increased -2.7-fold in minimal (plus formate) medium relative to rich medium (Fig. 10 ). Additional supplementation with glycine, serine, or methionine did not result in further Expression of the for gene in wild-type (for') mycelia grown in Vogel's minimal medium with indicated supplements. Slot blots loaded with 3 ,ug of total RNA were hybridized to afor-specific probe, autoradiographed, stripped, rehybridized to a bml (P-tubulin)-specific probe, and reautoradiographed. mRNA abundance was determined by densitometry using a Masterscan densitometer (Scanalytics). Abundance offor mRNA is expressed relative to bml mRNA abundance. mRNA abundance in wild-type cultures grown in minimal medium without supplementation was arbitrarily defined as 1.0, and mRNA abundance in other treatments was expressed relative to that value. The data presented represent means from at least two independent experiments. Northern analysis (not shown) indicated that the for-specific probe (the insert of pSADl-2) hybridized only to the for' mRNA bands seen in Fig. 3 and that the bml probe hybridized to a single bml mRNA species (35 response to glycine (gly) or formate (for) supplementation in wildtype and cpc-J strains. Methods are as described for Fig. 7 . The data represent means from at least two independent experiments. In each case, mRNA abundance is normalized to bml mRNA abundance. mRNA abundance in wild-type cultures grown in minimal medium without supplementation was arbitrarily defined as 1.0, and mRNA abundance in other treatments was expressed relative to that value.
increases in for expression. In the for mutant strain, cpc-J+ expression paralleled for expression (Fig. 10) . DISCUSSION The high degree of similarity observed between the amino acid sequence deduced from the nucleotide sequence of the N. crassa for+ locus and the amino acid sequences of known SHMTs confirms that thefor+ locus encodes SHMT. Strains carrying a for mutation lack cytosolic but retain mitochondrial SHMT activity (7, 14, 15) , indicating that thefor+ locus encodes the cytosolic isozyme of SHMT. Consistent with this conclusion, there is no evidence of a mitochondrial transit peptide in the deduced amino acid sequence. Mitochondrial transit peptides, although lacking in characteristic sequence homology blocks, typically are rich in serine, leucine, and basic residues (especially arginine) and are lacking in acidic residues (21, 53) . In particular, arginine residues have been noted at positions -2 and -10 relative to the bond cleaved by the matrix processing protease (21, 53) . The first arginine residue in the N. crassa SHMT is at amino acid 35 (nt 759) and corresponds to a residue conserved in all five SHMT sequences, including the rabbit mature mitochondrial SHMT. Cleavage downstream from this arginine would remove a number of residues which are conserved in all five SHMTs, including the mature mitochondrial SHMT.
Thus, it seems unlikely that the for+ gene encodes a mitochondrial SHMT.
Inspection of Fig. 5 shows clearly that there is considerable sequence conservation among SHMTs from diverse taxa, presumably reflecting catalytic and/or structural constraints. The N. crassa SHMT amino acid sequence is most similar to the sequence of the rabbit liver cytosolic isozyme, showing 60% identical residues. The N. crassa SHMT shows 56% sequence identity with the rabbit liver mitochondrial isozyme and also shows considerable sequence conservation with prokaryotic SHMTs (47% identity to the E. coli and B. japonicum sequences). For comparison, the rabbit sequences share 62% identical residues with one another (32) , and the prokaryotic sequences share 58% identica. residues (41, 42 The sequences necessary for function of the for' gene were determined by complementation of for strains, using subclones of pSAD1-2 (Fig. 1c) The central function of SHMT in C1 metabolism makes it likely that the regulation of the for' gene is complex and responsive to a variety of regulatory signals. Previous studies in N. crassa indicated that SHMT activity increased in response to supplementation of the growth medium with serine or glycine and decreased in response to supplementation with formate (7, 13) . We wished to determine whether changes in SHMT activity reflected changes in steady-state mRNA levels. Supplementation with glycine resulted in an -2.8-fold increase in the steady-state level of for' mRNA ( Fig. 6 and 7) , which is consistent with the enzyme activity increase previously seen (7, 13) . Although serine supplementation resulted in increased SHMT activity (7), we observed a slight decrease in for' mRNA level in cultures supplemented with serine. In contrast to the decrease in SHMT activity observed by Burton and Metzenberg (7) in response to formate addition, we observed that supplementation with formate resulted in -2-fold increases of for' mRNA in wild-type strains. Thus, although we conclude that the regulation of SHMT activity includes regulation of for' mRNA abundance, it seems likely that there are additional mechanisms of regulation of SHMT.
The role of SHMT in amino acid (methionine) biosynthesis suggests that for' expression might be regulated according to the amino acid status of the mycelium. In N. crassa, amino acid biosynthetic genes are regulated by the crosspathway control system (3, 8, 9) . Cross-pathway control is analogous to the system of general control of amino acid biosynthesis in S. cerevisiae, in which starvation for any of several amino acids results in induction of genes for biosynthesis of all amino acids (24) . In N. crassa, amino acid imbalance produced by supplementation with amino acids such as glycine results in global induction of amino acid biosynthetic enzymes which are regulated by the crosspathway control system (4). Supplementation with formate may also result in a situation of amino acid imbalance, leading to the observed increase in for' expression. The increased for' expression seen in response to glycine or formate supplementation ( Fig. 6a and 7) was dependent on the presence of a functional cpc-J gene (Fig. 8) , which is required for cross-pathway control (3). Furthermore, the cpc-J-dependent induction offor' expression in response to histidine limitation (due to 3-AT addition) was similar to that of arg-2 ( Fig. 9) , a gene known to be regulated by the cross-pathway control system (36) . In contrast, the induction of cpc-J mRNA in response to glycine or 3-AT addition does not require the presence of a functional cpc-l gene, consistent with the results of Paluh et al. (37) . Thus, we conclude that thefor gene is regulated, at least in part, by the cross-pathway control system. CPC1, the product of the cpc-1 gene, is a DNA-binding protein which serves as a transcriptional activator of amino acid biosynthetic genes in N. crassa (37, 38) . CPC1 shows similarity to GCN4, particularly in domains required for DNA binding and transcriptional activation (26, 37) , and both proteins recognize the DNA element 5'-TGACTCA-3' (1, 18) . Inspection of the nucleotide sequence of thefor gene reveals a number of sequences showing conservation of six of seven nucleotides in this recognition sequence (underlined in Fig. 2 ) as well as a single perfect (seven of seven conserved nucleotides) element at nt 668 to 674; it is not yet VOL. 12, 1992 on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ known whether CPC1 binds to any of these DNA elements. The single completely conserved CPC1 recognition element is in the first intron of the for' gene, consistent with the ability of truncatedfor' genes lacking all sequences 5' to the putative TATA box and even lacking the first several codons of the coding sequence to complementfor mutant strains. A similar situation has been observed for the arg-2 locus, which is subject to cross-pathway control (36) . Transformation of mutants with presumed promoterless N. crassa arg-2 subclones resulted in a high frequency of restoration of arginine-independent growth (36) . Nucleotide sequence analysis of the arg-2 locus has shown putative CPC1 binding sequences within both introns of the upstream open reading frame.
We have shown that mRNA abundance of the N. crassa for' gene is regulated by the cross-pathway control system in a cpc-l-dependent manner. However, the basal expression of for mRNA does not differ between a cpc-l+ or a cpc-1 mutant strain (Fig. 6b) , indicating that CPC1 is not required for basal for expression. The effects of amino acid supplementation onfor' mRNA accumulation do not always parallel the effects on SHMT activity, indicating other levels of regulation offor' expression. Given the role of SHMT in purine synthesis, it seems likely that for' expression may also be subject to regulation according to the purine status of the cell, as has been reported for the E. coli glyA gene (48) . for' expression may also be responsive to regulation by other products of C1 metabolism, including lipids and thymidylate. The N. crassa for' gene thus offers a useful system for the investigation of complex gene regulation in a genetically manipulable eukaryote.
